Purpose: The objective of this study is to discuss the implications of product loss rates in terms of the environmental performance of bottled wine. Wine loss refers to loss occurring when the consumer does not consume the wine contained in the bottle and disposes of it because of taste alteration, which is caused by inadequate product protection rendering the wine unpalatable to a knowledgeable consumer. The decision of whether or not to drink the wine in such cases is guided by subjective consumer taste perception and wine quality expectation (drinking the bottle or disposing of the wine down the drain and replacing it with a new bottle). This study aims to illustrate the importance of accurately defining system boundaries related to wine packaging systems. Methods: The environmental impacts resulting from wine loss rates as related to two types of wine bottle closures-natural cork stoppers and screw caps-have been estimated based on literature review data and compared to the impact of the respective closure system.
Introduction

Context and Objectives
The environmental impacts of wine have been assessed by several studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Some of the studies consider the environmental impacts of different closure systems and offer comparative conclusions [16, 17] . However, different types of closures, such as natural cork stoppers, synthetic stoppers or screw caps, have different properties, offering different levels of product protection and consequently presenting more or less risk for wine losses. To date, the influence of the closure type on the overall environmental impacts of bottled wine, taking losses into account, has not been studied in a life cycle assessment context.
In this study, wine loss refers to loss occurring when the consumer does not consume the wine contained in the bottle and disposes of it because of taste alteration, which is caused by inadequate product protection rendering the wine unpalatable to a knowledgeable consumer. When studying different bottled wine systems, it is essential to ensure that the compared systems are functionally equivalent and therefore, there is a need to consider the differences in wine loss rates due to better or worse product protection due to the closure. This study addresses this need and analyses the influence of closures on the environmental impacts of bottled wine, accounting for differences in loss rates for two selected closure systems: cork stoppers and screw caps, as shown in Figure 1 .
The objective of this study is to discuss the implications of loss rates in terms of environmental performance depending on the closure type of the bottled wine system. Considering the entire system contributes to providing reliable and fair results for sustainable product design, branding and marketing. We quantify both the life cycle environmental profile of the closure itself and the impacts related to the differences in wine loss rates for each closure. Environmental impacts associated with wine losses are derived from the environmental impact of typical bottled wine with a defined quality, based on a literature review. The difference in wine alteration rates was estimated based on interviews with experts performed at universities and laboratories as well as a literature review [18, 19] . 
Method
Closure Systems Considered and Functional Unit
The most wide-spread closure systems used in the world market [20] are (1) cork stoppers (approximately 60% of world market), (2) synthetic stoppers (approximately 30% of world market), and (3) screw caps (approximately 10% of world market). "Crown stoppers" are used only for low-end wines or during the manufacturing of effervescent wines and therefore their market share is negligible. In this study, two types of closures were chosen (cork stoppers and screw caps) and their impacts were compared based on their material properties as well as their respective wine loss rates.
The system studied relates to the functional unit "a 750 mL bottle of drinkable wine" and includes the following main components:
-wine bottle production -750 mL of wine -wine closure production -wine loss associated with the closure systems -wine poured down the drain Other studies considering a delivered bottled wine as a functional unit did not consider if bottled wine quality affected whether or not the consumer would actually drink the wine. Quantities of bottled wine produced were recalculated for all closure types based on the equivalent functional unit of 750 mL of drinkable bottled wine, thus including wine losses. This functional unit allows for the comparison of studies evaluating the life cycle impact of bottled wine production, as well as the consideration of wine loss rates due to different types of closures.
System Boundaries and Bottled Wine Production
The studied system includes the raw material extraction, vineyard operations, delivery, closure and packaging manufacturing, winery operations, distribution, consumer purchasing and packaging end of life ( Figure 2 ). The wine poured down the drain is included in the system, and the related model is described in Section 2.4. A literature review has been performed on studies assessing the life cycle impact of wine production, independent of the closure type [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Only the vineyard operations, delivery, winery and distribution stages are taken into account in all these studies. Management of the waste generated by the vineyard, retail functioning and infrastructure, reclosing opened bottles, vineyard and winery overheads (offices, employee commuting and business travels, marketing, advertising, and other administrative functions), as well as wine glass use and washing are not taken into account in all studies and are therefore not considered in this literature review comparison. Part of the ethanol consumed by humans and converted to CO 2 by human metabolism represents biogenic CO 2 and has not been considered in this system.
The reviewed studies present different indicators to assess the environmental impact of wine. In order to ensure the highest level of comparability among the analyzed references, this literature review focuses on the following indicators that were assessed in most of the reference studies: These indicators are included in the International Reference Life Cycle Data System (ILCD) framework for impact categories for characterization modeling at midpoint [21] . Although the studies consulted provide an essential basis for gaining an understanding of the overall environmental impact of wine production, they also have some important limitations. They do not all have the same scope or system boundaries, nor do they use the same impact assessment method. However, as the impact results on common indicators have the same order of magnitude, the differences in scope and system boundaries are not significant enough to prevent them being used for this case study. For other applications, care must be taken if results are to be used to determine the absolute impact of a bottle of wine.
A detailed description of the results of the literature review can be found in the supporting information Section S1.
Wine Closure Production
The impacts of closure systems (including production of raw materials, transport of raw materials, manufacturing of closures, transport of closures, bottling and end-of-life) are directly taken from the Corticeira study [17] .
Wine Loss Associated with the Closure Systems
Physical losses which occur during filling, packaging, and transporting (breaking bottles, spilling wine) and which are independent of closure types are not taken in account in this study, which focuses solely on the influences of different closure types. Physical failures during all life cycle stages which result in wine alteration, e.g., poor storing of closures, poor calibration of the bottling machinery or transport in inappropriate conditions (such as inappropriate temperature, exposure to the sun or humidity, etc.), are considered and summarized in supporting information in Table S2 , where the fraction of wine taste alteration per stage has been estimated.
Wine taste alteration occurs when the contents of a bottle acquires an altered taste, either due to inadequate protection allowing for oxidation of the content or via a reaction with the closure material, such that the consumer decides not to drink it and disposes of it. For this study, the level of wine loss is estimated by multiplying the following two parameters:
1. Percentage of bottles with an altered taste (Section 2.4.1). This parameter depends on the type of closure as well as wine conservation failures during its life cycle. 2. Percentage of the bottles with an altered taste that are actually thrown away by the consumer (Section 2.4.2 on consumer behavior). This parameter depends on the consumer, their expertise and sensitivity to recognize the altered taste (due to the wide range of alteration intensity).
Taste Alterations Considered and Fraction of Bottles with Altered Tastes
The taste alterations considered in this study are those discovered by the consumer or sommelier. Taste alterations can occur throughout the entire life cycle of bottled wine, from storage in a wine cellar to the consumer's glass. The following closure system failures can be distinguished at the consumer level:
1. an undesirable odor due to failures at different life cycle stages (e.g., incorrect transport or storage in inappropriate locations before and after the bottling process); 2. an unfavorable taste due to conservation problems (e.g., being stored too long); 3. a "corked" taste.
Several "corked tastes" are possible and appear with differing frequencies. A description of each is as follows: a. A "true corked taste"-or "goût de bouchon"-is due to the presence of the fungus Armillaria mellea [22] and is characterized by a powerful taste which makes the wine undrinkable; this is also known as "yellow stain"; b. A "taste of cork" occurs when wine elements are affected by the cork. The wine is considered altered when it is too intense; c. A "mould taste" is caused by microorganisms on the cork (e.g., Aspergillus and Penicillium), which affect the organoleptic character of wine [23, 24] ; d. A "false corked taste" is due to 2,4,6-trichloroanisol (TCA), which is synthesized by the fungi Penicillium from chlorophenols, which can enter cork during its production and/or storage.
Mold tastes and false corked tastes are the most frequent wine alterations. Cork stoppers: Wine taste alteration due to cork stoppers is primarily due to the presence of fungus which results in the "corked taste" [19] . Wine taste alteration can also occur during transport, storage, cork machine adjustment as well as when the cork's lifespan is exceeded. Undesirable odors are often erroneously attributed to the "true cork taste", which causes considerable uncertainty in the percentage of bottles affected by this phenomenon [25] . In addition, there are three types of cork stoppers (chipboard cork, natural cork, and cork treated with supercritical carbon dioxide) [26] [27] [28] that can cause variable taste alteration, making it yet more difficult to determine with certainty that wines possess the "true corked taste".
Given these uncertainties, taste alteration rates due to cork stoppers can be only approximately estimated using expert judgment. Seven interviews were carried out and complemented with two literature sources to serve as primary data for determining the respective fractions of bottled wine with altered tastes for the two types of closures studied. Experts from cellar quality control consultancies, laboratories and various institutes specialized in bottling or cellar quality control were interviewed. Their estimations for wine alteration rates are listed in the supporting information S2. The share of bottles with cork stoppers having an altered taste is estimated to be between 2% and 5%, where the lower and higher values correspond to the medians of the limits provided by the experts and literature sources. This range reflects the variability of existing cork stopper quality, their treatment, and the sensitivity of the type of wine to taste alteration.
Screw caps: Unpleasant odors due to the reduction of wine can occur if the choice of the screw cap liner is not appropriate. Several types of liners exist with various degrees of permeability and are normally tailored to the specific application. Based on discussions with the same companies specialized in bottling or cellar quality control, the taste alteration rate with the screw caps is reduced by a factor 5 to 10 compared to the cork stoppers (see detailed in supporting information S2). The share of bottles with screw caps having an altered taste is therefore estimated to be lower than that for cork stoppers by a factor of 7.5 times (i.e., between 0.3% and 0.7% of bottles). However, we have included in the analysis a broad loss range (from a factor 5 to 10 times less than cork stoppers) and considered a triangular distribution (5 times lower (maximum), 7.5 times (mean) and 10 times (minimum)) for the modeling in order to consider the uncertainty resulting from all input parameters variability.
An estimation of the life cycle stage at which the failure originated is provided in the supporting information S3. We acknowledge the limitations of data availability on the respective taste alteration rates due to different closure types. However, the order of magnitude of the relative wine taste alteration rates for both types of closures estimated by the expert sources consulted are considered sufficiently robust for them to be used in this study. For this reason, we have carried out a sensitivity study looking at the lower and upper range of effective losses considered.
Consumer Behavior
In this study, it is assumed that altered wine odors or tastes result in different consumer behaviors which are guided by subjective taste perception, wine quality expectation and whether the consumer is a sommelier or a regular consumer (recognizing that the latter will also have a range of behaviors). These behaviors could include:
1. Drinking the bottle (considered unlikely for a strongly "corked" bottled wine) 2. Disposal of the wine down the drain (or returning it to the store before eventual disposal at the store) and opening a new bottle. Thus, this particular behavior increases the amount of wine needed to fulfill the functional unit
In the reference scenario, the consumer behavior is estimated based on a combination of literature data and expert judgment. The European average for consumers who would drink the bottle without considering wine to be "altered" is based on the MIS Trend study [29] which estimated that 23% of Swiss consumers considering themselves as not knowledgeable about wine. The other 77% would replace a bottle of wine with an altered taste with a new bottle. With these insights, an estimated effective wine loss between 1.5 and 3.8% for cork stoppers and between 0.21 and 0.51% for screw caps were determined.
To complement this reference scenario and to test the sensitivity of impacts to changes in wine taste alteration and replacement rates, we carried out a sensitivity study looking at the impact variations of the cork and screw cap closures as a function of these rates. Based on this analysis, environmental preference can be deduced for replacement rates based on specific consumer behavior patterns.
Impacts of Wine Poured Down the Drain
Two types of emissions are considered when the bottled wine with altered taste is poured in the sewage system: (1) direct emissions, i.e., methane emissions which occur from the sewage and wastewater treatment plant and (2) indirect emissions, i.e., from functioning of the wastewater treatment plant and its related electricity and chemicals production. Direct CO 2 emissions are not considered since this represents biogenic CO 2 that has been fixed earlier during wine production (not considered in the literature sources for bottled wine production), leading to a zero net emission over the wine life cycle.
Direct emissions: Wine that is poured down the drain consists of organic compounds, mainly ethanol (estimated at 10% of the wine by volume), which is broken down into carbon dioxide (CO 2 ), and, under anaerobic conditions, into methane (CH 4 ) in the sewage system and the anaerobic sludge digester. The calculation details for the initial amount of carbon (31 g) poured into the sewage system are specified in supporting information S4. Figure 3 shows the emissions of methane and carbon dioxide due to wine poured down the drain and entering the wastewater treatment plant (in % of carbon originally present in the wine, based on SimpleTreat 3.1 model [30] ). Input and output parameters are summarized in supporting information S4. The Dutch Ministry of Housing, Spatial Planning and the Environment (VROM) [31, 32] estimates that 0.7% of the COD mass is converted to CH 4 in a wastewater treatment plant without anaerobic sludge digestion based on the IPCC inventory guidelines [33] . This corresponds to 2.8% kg CH 4 per kg TOC, using the ratio 4 g COD/g TOC (estimation explained in the supporting information 4). Given the limitation in data availability on ethanol degradation and methane production in the sewage system, we considered the sewage and wastewater treatment system as a single system with the same physical and biological processes. Total methane emissions to air from wine poured down the drain represent 2.9E-2 kg CO 2 eq per bottle as the contribution to the global warming impact category, knowing that the methane global warming potential is 25 kg CO 2 eq/kg methane considering a 100-year time horizon. Carbon emissions to water after wastewater treatment produce 3.4E-4 kg PO 
Indirect emissions:
In addition, emissions also occur during the treatment processes. Values from ecoinvent v 2.2 are used in this study and assume that an average of 750 mL of tap water is used in addition to 750 mL of bottled wine wasted. The global warming score associated with the tap water production (750 mL/bottle wasted) and the wastewater treatment plant operation (2 × 750 mL/bottle wasted) is very low, estimated at 6.3E-4 kg CO 2 eq/bottle wasted. Table 1 presents the impacts of the production of 750 mL of wine, the impacts of closure production and the impacts due to 750 mL wine being poured down the drain, which were obtained from the literature review. The latter value needs to be multiplied by the loss rate in order to be related to the functional unit. The environmental profile generated by the literature review shows that the closure system represents between 0.01% and 1.1% of the total score for the produced bottled wine, depending on the indicator and the type of closure. Although minimal, the closure contribution to the overall impact appears to be largest for the global warming and atmospheric acidification impact categories.
Results
Impact Scores for Wine Production, Closures and Wine Poured Down the Drain
The contribution to different impact categories due to a bottle of wine poured down the drain vary between 0.002% and 7.7% (for eutrophication) of the total score for bottled wine depending on the indicator and the type of closure. Again, the latter value needs to be multiplied by the loss rate in order to be related to the functional unit.
Influence of the Wine Loss Rate Due to Different Closures
The overall environmental performance of the closure in packing and preserving wine prior to its consumption combines the impacts from:
1. Losses at the consumer due to altered taste 2. Closure impacts according to the results of the Corticeira study [17] 3. Impacts related to sewage and wastewater treatment from wine loss The reference scenario is based on the impact from wine losses when 77% of consumers replace the bottle when they encounter one with an altered taste. A sensitivity study was carried out to study the influence of replacement variation. Figure 4 shows the results for the reference scenario, presenting the geometric mean value of the impact from the wine loss distribution (all parameters are modeled with a statistical distribution). Throughout the whole paper, the only common functional unit is 750 mL drinkable wine. Impacts of the bottled wine are not closure-specific and are equal for both closure systems. They can therefore be excluded from Figure 4 to focus result presentation on the influence of closures and related losses. The lost bottles of wine (i.e., the extra amount of wine needed to fulfill the function of having bottled drinkable wine) can contribute anywhere from 28% of the impacts of the closures themselves (e.g., in the case of screw caps for the global warming category) to several times more than the impact of the closures themselves (e.g., in the case of cork stoppers for all impact categories). When the wine loss rate is considered, the cork stopper presents a higher score than the screw cap for all impact categories.
Reference Scenario
An uncertainty analysis was performed to assess the variability of the impact for both systems. The relative ranking for all impact categories based on a 5000-run Monte Carlo assessment was also performed. The impact of wine, cork stoppers, screw caps and replacement rates are modeled with a triangular distribution. This distribution has been selected because (1) it is defined with a most probable value as well as a 95% confidence range and (2) it can be asymmetrical. The alteration rate for the cork stopper (estimated from 2 to 5%) is modeled with a uniform distribution given there is no preferred value within this range. The alteration rate for the screw cap is estimated as 0.13 times the impact of the cork stopper (7.5 times less), with a triangular distribution between 0.1 and 0.2 times the impact of the cork stopper. The share of runs where the cork stopper system has a higher impact score than the screw cap system is specified in Table 2 for each impact category. Figure 5 displays the Monte Carlo analysis results for global warming where the cork stopper has a higher impact score than the screw cap stopper (red color) for 89.6% of the 5000 runs. More details on the uncertainty analysis parameters and results are included in the supporting information S5. Figure 4 . Impact over the whole life cycle associated with 750 mL drinkable wine, for a 77% replacement rate, differentiated due to losses that can be attributed to the failure of different closure systems and the impact of the closure systems themselves (excluding the non-closure-specific impacts that are equal for all scenarios). Figure 5 . Monte Carlo analysis with 5000 runs for the cork and screw cap stopper systems for the global warming category. Figure 6 shows the overall contribution to the global warming impact category for bottled wine comparing the wine loss rates from the different closure systems and the closures based on the Corticeira study with the impact of the wine itself. The influence of the closure on the total impacts of bottled wine is relatively small. This explains why even a small difference in loss rates for the two types of closures can offset the impact score trend for the bottled wine and closure system originally in favor of cork stoppers. The overall impact of bottled wine shows the same trend for all impact indicators: the cumulative impact of the closure, the associated loss rate and the impacts related to sewage and wastewater treatment from wine loss, which represents less than 5% of the total impact of the whole bottled wine system. 
Sensitivity Study
Since the replacement and loss rates may vary widely depending on consumer behavior, it is important to perform a sensitivity study on how these rates influence the overall impact. Figure 7 shows the global warming impact score for the cork stopper compared to the screw cap as a function of the replacement rate, for low (2% for cork stopper, 0.3% for screw caps), medium (3.5% for cork stopper, 0.5% for screw caps) and high (5% for cork stopper, 0.7% for screw caps) wine taste alteration rates. At low replacement rates, the contribution of the screw cap to the global warming impact category is higher. As the replacement rates increases, impacts due to losses for the cork stopper are more important than for the screw cap. The break-even point is at a 35% replacement rate for the average wine alteration rate of 3.5%. Thus, the product of these two rates leads to an effective loss rate of 1.2% for the cork stopper. This effective loss rate of 1.2% also corresponds to break-even points of 61% replacement for a low (2%) taste alteration rate and to 24% for a high (5%) taste alteration rate. At a higher replacement rate (e.g., the 77% rate of the reference scenario), the screw cap system clearly becomes advantageous.
Figures and equations used for the sensitivity analysis to determine the break-even point for the other impact categories are provided in the supporting information S6. Table 2 summarizes the break-even points for replacement and effective loss rates for all impact categories. The replacement rates at the break-even points for photo-oxidant formation, non-renewable energy and atmospheric acidification are slightly lower than for global warming (19% to 29% replacement rate and 0.67% to 1.0% effective loss rate for cork stoppers). The replacement rate is very low for eutrophication (less than 0.1%). For any higher value than the break-even point, the impact of the cork stopper would exceed the impact of the screw cap. Impact score for global warming of the cork stopper production compared to the screw cap production as a function of the replacement rate
Results Summary
The results of the reference scenario uncertainty as well as the sensitivity analysis are shown in Table 2 . Table 2 . Monte Carlo analysis results for the reference scenario and the break-even percentages for the replacement rate and the effective losses for the sensitivity analysis, for which the total impact of the screw cap is equal to the impact of the cork stopper. 
Discussion and Conclusions
Achievements
This study provides a better understanding of the global environmental profile of bottled wine considering the different closures used and taking into account the loss rates induced by each closure system.
The main conclusions of the study are as follows:
1. The different closures and associated wine losses represent less than 5% of the total life cycle impact of bottled wine. The recently published article by Point [14] confirms that the cork stopper contribution to the total bottled wine system represents between 0.4% and 5%. Impacts related to bottled wine are composed of a several dozens of processes ) that contribute to the global impact. While recognizing that the closure impacts are only one element of the overall system, it is only by optimizing the thousands of products and product parts that we are using in our everyday lives that we can move towards sustainability. Reducing closure-related impact represents an easily implementable impact reduction opportunity. Other system parts should also be considered (e.g., bottle production, consumer transport) for further impact reduction opportunities. 2. The wine loss rate resulting from the type of closure and its specific properties is a key parameter to consider when assessing the impact of different wine closures and can result (especially for cork stoppers) in a higher impact than the closure itself. The reduction of wine closures impacts demonstrates the trade-off between the impact of closure and the associated losses. 3. In the case of a cork stopper, the impact of wine loss is larger than the impact of the cork stopper production itself for all examined life cycle impact categories. 4. When the impact of wine loss is considered in addition to the impact of the closure itself, the cork stopper has a higher environmental impact score than the screw cap in all impact categories, provided the effective loss rate of cork stoppers is higher than 1.2%.
In general, LCAs of packaged food consider the following:
 The functional unit used as a reference to estimate the environmental impacts of packaged food should represent an equivalent function among all types of packaging and thus must consider the different associated loss rates.
Limitations
The main limitations of this study include the loss rate estimation and the calculation for the impact of wine production.
Loss rate estimation: the estimated wine loss rates presented in this study are based on (1) expert opinions (i.e., not empirically measured) that reflect their perceived judgment on the percentage of bottled wine that reaches a consumer with an altered taste for each of the closures systems and (2) a sensitivity study on the influence of the consumer behavior.
Impact of wine production calculation: water use and solid waste generation may also be relevant impact indicators as they were reported in the Corticeira study. These indicators were analyzed for this study, but due to inconsistencies in reporting in the original study as well as in the studies reviewed on the impact of wine production, they are not reported here. Whilst the results for the impact of wine production reflect the state-of-the-art in life cycle assessment, the different environmental indicators are not equally covered in terms of sources, system boundaries and life cycle impact assessment methods used. Most observations and conclusions are based on-and are therefore mainly valid for-global warming and use of non-renewable energy resources, which are the most widely covered in the wine production impact assessment literature.
Further Needs
To address these limitations, the following areas were identified for further exploration:
 The estimation of wine taste alteration rates induced by the cork stoppers and screw caps can be refined in future studies by sampling wines and studying their individual taste alteration rate according to key parameters, such as the type of wine, closure or cap quality, and storage conditions.  A comprehensive survey on consumer behavior once an altered taste has been identified is needed to better quantify replacement rates and to examine which fraction of the wine is still reused for alternative purposes such as cooking.  Several differences linked to closure functionality or closure and bottle characteristics (e.g., the additional amount of glass which is needed to accommodate a cork stopper inside the bottle) need to be analyzed and incorporated in further studies.  The results shown in Figure 6 indicate that there is an opportunity to further improve the environmental performance of other components such as the glass bottle itself, the consumer purchasing trip, vineyard operations, winery processing and transportation, before focusing further on the wine closure system.  In order to derive conclusions regarding the environmental superiority of closure systems that could be used in a comparative assertion, a comprehensive and full life cycle impact assessment of all indicators (midpoint and endpoint level) including the full functional equivalence must be carried out.
Regarding these limitations and needs, the present study primarily shows the clear importance of accounting for losses in packaging studies for which the impact of the content is much higher than the packaging itself. This study is not intended to be used for comparative assertions.
This study exemplifies the importance of considering the full implication of different components on overall product functionality to draw conclusions regarding environmental preferences. Sustainability in product design, branding and marketing can only be achieved through a fair and comprehensive product assessment. This conclusion is not only applicable for the food and beverage industry, but also to numerous other sectors of the economy such as the electronics industry where the reject or fail rate in the quality control step of electronic component production and resulting losses can be significant [ 
Supporting Information
S1. Literature Review on Wine Environmental Impacts
The environmental impact of wine has been evaluated using the following references. The impacts presented in Figures S1 to S7 and used for impact results in the study are an average of the values found in the selected studies. For each indicator, a set of references presenting relevant results is selected.
In order to determine the average impact of bottled wine in a consistent manner across the different studies selected, the functional unit 750 mL drinkable wine was used to recalculate figures for all studies, using a linear mass allocation. Closure and losses impact are not included in the graphs to focus on the bottled wine impact.
S1.1. Global Warming Score
The global warming score for wine is calculated based on the average of six references. These references include the following life cycle steps: vineyard operations, winery operations, distribution and packaging waste treatment. The use phase was added using data from Point [10] , which is the only study that calculated the impacts of this life cycle stage. The average of global warming score is 3.3 kg CO 2 eq per typical 750 mL of bottled wine, including the use phase.
Overall, it appears that the global warming score for bottled wine ranges between 1 and 4 kg CO 2 eq. Point [10] calculates a higher value because the study takes the following complementary elements into account: customer purchasing and refrigeration at home. Colman and Päster [3 also obtain higher results than the average. Indeed, this analysis considers transoceanic ship or air transport from the production location to the consumption site. Figure S2 presents the global warming score according to the results of Point 10 , which is the only reference providing details of the consumption phase of bottled wine. The global warming score is dominated by the packaging (glass bottle, 37%) and consumer purchasing (30%). The weight of glass bottle is assumed as 540 g. In Point 10 , a sensitivity analysis is conducted considering a scenario with a lighter bottle (380 g) and the global warming score is reduced by 12%. The vineyard and winery also represent important stages in the life cycle of wine production (18% and 9%, respectively). The cork stopper, the label and the cap together represent only 0.05% of the global warming score.
S1.2. Non-Renewable Primary Energy Use
The non-renewable primary energy use of wine is calculated based on the average of four references that consider the vineyard operations, winery operations, distribution and packaging disposal. The use phase is calculated using Point 10 . Figure S3 presents the sum of these two computations compared with the non-renewable energy use calculated by the four different references. The average for primary non-renewable energy use, including the impact of the use stage as assessed by Point 10] , is 47 MJ per 750 mL of bottled wine. Figure S4 presents the details of cumulative non-renewable energy demand according to the results of Point 10 . Figure S4 . Use of non-renewable primary energy for the different life cycle stages of bottled wine.
As with the global warming score, it appears that the stages that dominate the life cycle impacts are the bottled wine production and consumer purchasing. However the proportions are slightly different; the glass bottle represents 45% of the non-renewable energy use (including 4% for the cork stopper and the label production), whereas consumer purchasing represents 30%, the vineyard operations represent 12% and the winery operations represent 8% of the non-renewable energy use. The cork stopper, the label and the cap together represent only 4% of the non-renewable energy used.
S1.3. Contribution to Atmospheric Acidification
The potential of atmospheric acidification of wine production is calculated based on the average of three of the selected references considering the vineyard operations, winery operations, distribution and packaging disposal. The impacts of the use phase are calculated per Point 10 . Figure S5 compares the sum of these two calculations with the results of each of the three references. 
S1.4. Contribution to the Formation of Photo-Oxidant
The photo-oxidant formation potential of wine is evaluated based on the average of three references that consider the vineyard operations, winery operations, distribution and packaging disposal. The impact of the use stage is calculated per Point 10] . Figure S6 presents the sum of these two calculations and the individual results of each study. The average photo-oxidant formation potential is 1.9 g ethylene eq per 750 mL of bottled wine.
S1.5. Contribution to the Eutrophication of Surface Water
The eutrophication potential of wine production is calculated based on the average of three selected references that consider the following life cycle steps: vineyard operations, winery operations, distribution and packaging disposal. The impact of the use stage is calculated per Point 10 . Figure S7 presents the sum of these two calculations and the individual results calculated by the three different references consulted. 
S2. References for Wine Taste Alteration Rate Estimation
The wine taste alteration rates induced by the use of cork and aluminum-based (screw cap) closures were determined based on interviews with wine producers, representatives from the main institutes working in this field, specialized laboratories and professional bottlers in May 2012. Wine taste alteration rates associated with cork closures are estimated from these interviews as follows: Table S2 summarizes the estimated taste alteration rates at the consumer for cork stoppers and screw caps, as well as the estimated stage of the life cycle where the failure originated as determined by expert judgment. Conservation problem (such as storage over a long period of time)
Total wine taste alteration 2%-5% 0.3% -0.7%
S4. Estimations for the Wine Disposal Model
S4.1. Calculation of the Initial Carbon Mass
The parameters used for the amount of carbon disposed are as follows: 
S4.2. Input and Output Parameters for SimpleTreat 3.1 Model
The fate of ethanol in the wastewater treatment plant was modeled with the SimpleTreat tool 3.1. Input physical-chemical substance properties and degradation and transformation rates are displayed in Table 1 and obtained output distribution ratios are shown in Table 2 . 
S
: triangular distribution specified in Table S5 cap screw S : triangular distribution specified in Table S5 y : 0.13 times with a triangular distribution (minimum: 0.1, maximum: 0.2, which corresponds to the expert estimate that the impact of screw caps is 5-10 less than cork stoppers) Figure S8 shows the uncertainty analysis on the cork stopper and screw cap systems. 
